Accelerated ageing in natural sea water at different temperatures from 20°C to 80°C was performed on a silica filled polychloroprene rubber. Degradation when monitored with mechanical properties at both macroscopic and microscopic scale led to a large increase of the modulus coupled with a strong decrease of strain and stress at break. Data from tensile tests were used for lifetime prediction with an Arrhenius extrapolation for modulus, strain and stress at break. The validity of this lifetime prediction was evaluated using a 23 year-old sample aged in natural conditions. Strain at break could be predicted using an Arrhenius extrapolation with an activation energy of 50 kJ/mol. However, an extrapolation based on linear Arrhenius behavior did not apply for modulus and stress at break due to the presence of a degradation profile across the sample. These observations confirmed that strain at break is not governed by bulk properties of samples but by the degradation rate at the external surface of the sample (i.e. in contact with water).
Introduction
A clear understanding of ageing processes is crucial to guarantee the long term durability of a new product or to reduce the frequency and thus the cost of maintenance operations. This is a challenging task because ageing is a M A N U S C R I P T
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complex phenomenon that covers a broad spectrum of multidisciplinary domains including the definition of accelerated ageing tests, the identification of the ageing mechanisms, the evaluation of the consequences on the mechanical properties and finally the simulation of real components that integrate the gradients induced by ageing [1] . In order to keep reasonable test and product development durations, accelerated ageing is mandatory. The most common approach to accelerate ageing uses elevated temperature tests combined with an Arrhenius type extrapolation to predict the value of a given parameter for lower temperatures and longer times (see for example ISO standard test method 11346 for rubbers [2] ). The Arrhenius extrapolation is widely used for lifetime prediction of polymers in different environments [3, 4, 5] . This common application is due to the fact that this approach is easy to perform and can be, in some cases, relevant. Nevertheless, Arrhenius extrapolation in the field of polymer degradation exhibits some limitations and many authors reports that temperature effects on degradation kinetics can not always be described using the Arrhenius equation. [6, 7, 4] . Several factors are involved but two major reasons can be emphasized. First, when the chemical reactions involved in polymer degradation vary between high temperature and low temperature, it is not possible to extrapolate degradation kinetics using a simple time/temperature superposition [7, 4] . However, this can be overcome by using a mechanistic approach of the degradation [8, 9] , which relies on a description of each chemical steps involved in the overall degradation. Second, when degradation involves the diffusion of a reactive component from the external environment to the bulk of the material, non uniform ageing in the polymer thickness with depth can occur. This phenomenon is due to a competition between diffusion and reactive consumption; when diffusion is faster than reaction, then degradation is uniform in the sample thickness whereas when reaction is faster than diffusion then the resulting degradation is non uniform [10, 11, 12, 13, 14] . When degradation is not uniform with depth, an extrapolation of macroscopic properties using the simple Arrhenius time/temperature equation will obviously not be relevant ; in this case only edge information can be relevant.
Dealing with the marine ageing of rubbers, many studies have been published [15, 16, 17, 18, 19] , but very few articles investigate the consequences of a marine environment on polychloroprene rubber (CR) [20] and none consider possible degradation profiles. This conclusion results from the good resistance of rubbers to this kind of environement [21, 15] . The results by Ab-Malek and Stevenson [16] , Pegram and Andrady [17] , Oldfield and Symes M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT [18] or more recently Davies and Evrard [5] show that after very long periods of exposure, the behaviour of the studied materials remains almost identical to that of the unaged one. For all these reasons, there is a lack of experimental data allowing the establishment of Arrhenius extrapolation for marine aged rubbers [3, 5] and very few naturally aged rubber parts to check the relevance of these extrapolations have been examined [16] . Moreover, when naturally aged samples are available, results are rarely compared to accelerated ageing results.
The aim of this paper is to evaluate the influence of marine ageing on the mechanical behaviour of a polychloroprene rubber, both at macroscopic and microscopic scales, and to compare the predicted lifetime (using a linear Arrhenius behavior) to data from a naturally aged sample (a 23 year old offshore floating export line). First, we present the experimental details, and describe the material used here and the accelerated ageing protocols that are necessary to evaluate the ageing consequences at laboratory time scale. Experimental devices used here to evaluate the evolution of the mechanical behaviour are also presented. Second, we present the experimental results. Finally, a comparison between the results obtained from the accelerated ageing tests and the naturally aged ones is presented.
Experimental details

Material
This study is focused on a filled polychloroprene rubber used as a coating of offshore floating flow lines. The composition of the material is given in Table 1 and the main mechanical properties are given in Table 2 .
It is worth noting that there is no silane coupling agent in the formulation. In order to perform accelerated ageing, square plates of 2 mm thickness and 250 mm width were manufactured by an industrial partner from the same material batch, in order to ensure the reliability of mixing and moulding conditions.
Natural ageing
The naturally aged sample originated from the coating layer of an offshore floating export line. This flow line was used in the Atlantic Ocean (near the Cameroun coast) for 23 years at 10 m depth. Seawater temperature varies from 15°C to 25°C in this area during the year and pH is around 8.2. The flowline was still meeting the structural mechanical requirements after its M A N U S C R I P T A C C E P T E D M A N U S C R I P T
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withdrawal from service. This naturally aged sample is 2.3 mm thick and meant to protect the structure from any environmental degradation, and did not reveal any visible damage after its service life. The compound used for the accelerated ageing tests has exactly the same formulation as the one used in the flow line.
Accelerated ageing
In order to be as close as possible to the service conditions, specimens were immersed in several tanks filled with natural seawater coming directly from the Brest estuary and maintained at different temperatures for different durations (cf. During the accelerated ageing, the samples will absorb some water according to diffusion mechanisms [21] , leading to an increase in mass and volume. Even if no dramatic effects on the mechanical behaviour are expected [21] , a reversible effect is generally noted in rubber modulus [22] . Unfortunately, the dependence of the mechanical behaviour on both the ageing degradation and the amount of water absorbed by the material does not allow for an objective comparison between various ageing conditions easy. To be able to compare the various ageing conditions, we chose to focus on dried samples. To be as unintrusive as possible, the samples were dried at 40°C in an inert atmosphere (N2 gas) until a constant weight was reached. This drying M A N U S C R I P T
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protocol was optimized and validated by a specific study detailed elsewhere [23] .
Tensile tests
After the ageing and drying steps, the samples were cut from the sheets with a punch die in order to obtain normalized dumbbell shapes (type 2 from the standard ISO 37:2005). The choice to age sheets rather than dumbbell samples originates from the difference in the diffusion processes. Dealing with samples cut from sheets, the gradients will be 1D with only variations along the thickness and not along the width (as it would have been if dumbbell samples were aged), which is clearly easier to manage. The tensile tests were performed on a Lloyd LR5K+ testing machine, equipped with a 1 kN load cell. The tests were displacement controlled with a grip speed of 10 mm/min. A laser extensometer LASERSCAN200 was used to measure the true strain during testing. For each ageing condition, at least three samples were tested and the results averaged. In this paper strain and stress are related to nominal values, i.e. both values are calculated based on initial parameters (lentgh and section). In this paper three values will be considered : strain at break, stress at break and M100 which is modulus at 100% i.e. the stress at this elongation.
Hardness profiling Sample preparation
The elastic modulus profiles were obtained using a CSM-instruments micro-hardness tester with a Vickers tip. The samples cut from 2 mm thick sheets were embedded at room temperature in epoxy resin and subsequently polished with grinding media of decreasing granularity (down to grit size 800). The disc rotation speed was low in order to prevent sample heating. After grinding, a delay of 2 h was systematically applied in order to let the samples cool down to ambient temperature.
Hardness tests
A classical load controlled protocol was used, with a low preload in order to detect the surface contact (set to 10 mN), then a load controlled loading step (up to 100 mN at an loading rate of 200 mN/min), followed by a creep period of 30 s and then a load controlled unloading step (down to 0 mN at a unloading rate of 200 mN/min). A micro hardness (related to Young's M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT modulus) was evaluated from linear section of the load-displacement curve using the following equation:
where A p is the projected area of the contact surface evaluated from the Oliver and Pharr methodology [24] and obviously related to measured penetration depth of tip in sample. Each point is an average of 5 measurements.
In the following, we will focus only on the normalized micro hardness, i.e. the value of the hardness divided by its initial value obtained on the unaged material. This choice is motivated by the fact that this micro-hardness quantity is strongly dependent on the affected volume and thus the microstructure of the material. Therefore, this value cannot be easily correlated to more classical hardness values such as macroscopic Shore and DIDC, but the variation of hardness can be easily interpreted.
Results
Naturally aged sample
Tensile curves obtained for an unaged and for the naturally aged sample are plotted in Figure 1 . Natural ageing led to a significant change in mechanical behavior of the rubber. In fact, a large increase of the initial stiffness was observed, for example if we consider a specific strain of 100 the stress is around 1 MPa for the unaged sample and 6 MPa for the 23 year old sample. At the same time, a large decrease of ultimate properties was observed after natural ageing: in fact, strain at break decreased from 670 to 190 %.
In order to reveal (or not) the degradation heterogeneities, some modulus profiles [25, 23] were obtained for a naturally aged sample. The results are given in Figure 2 . It should be mentioned that only the external side (on the left) was exposed to seawater, which explains the asymmetrical profile obtained. The naturally aged sample exhibited a clear gradient between the skin and the core with a significant increase of the hardness on the side exposed to the seawater, whereas the right side (not exposed to the seawater) remained nearly equivalent to the unaged material. The slight increase of the hardness (compared to the unaged material) in the internal could be explained by the evolution of the material after its removal from service, rather than an influence of the marine ageing or by some slight changes in 
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mechanical behavior due to ageing in sea water. In fact, a large increase in rubber stiffness and loss of ultimate properties was observed. At the same time, ageing in service leads to a degradation profile across the sample thickness due to a limitation of the degradation depth by water diffusion. An ongoing question in the polymer ageing field is 'How to predict such evolution in a relative short time using laboratory tests?'. This will be discussed in the context of results obtained during accelerated ageing tests performed in sea water at different temperatures.
Accelerated ageing between 20 and 80°C Tensile Tests
Tensile behavior of CR after accelerated ageing at 80°C in sea water for different durations are plotted in Figure 3 . Similarly to the naturally aged sample, ageing led to a significant increase of the initial stiffness (up to 200 MPa after 6 months) and a considerable drop of the ultimate properties (strain and stress at break). It was also observed that the longer the ageing duration, the more significant the changes of the tensile properties. These results were observed for all ageing temperatures and a strong dependence of the degradation kinetics on the temperature is noted as illustrated in Figures  4, 5 and 6 , which present the evolution of the normalized strain, stress at break and normalized modulus at 100% for the ageing conditions. Moreover, M A N U S C R I P T
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it should be emphasized that the tensile property observations are indeed very similar to the ones observed on the naturally aged sample, which highlights the relevance of the accelerated degradation pathway. This result is moreover supported by the complete physical analysis performed by Le Gac et al. [26] . Using accelerated ageing in the laboratory, it is thus possible to produce similar changes in tensile behavior as for natural ageing in a reduced time frame. Based on these results, Time/Temperature superposition was performed according to the so called Arrhenius approach. This approach is based on the assumption that the degradation involves one unique chemical process activated by the temperature and whose rate q is proportional to:
In this equation, E a is the Arrhenius activation energy, R is the gas constant and T is the absolute temperature. The Arrhenius approach predicts that the curves obtained at the different accelerated ageing temperatures all have the same "shape" when plotted as a function of the logarithm of time. It is therefore possible to superpose all the data in order to get a master curve by defining shift factors a T :
The reference temperature was chosen to be the lowest test temperature, i.e. 20°C in our case. Master curves for strain at breack, stress at break and modulus at 100% are respectively plotted in Figures 4, 5 and 6.
In order to assess degradation profile across sample thickness during accelerated ageing tests, local hardness measurements were performed.
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Hardness profiling
Hardness profiles as function of ageing time (Figure 7 -a contant temperature of 80°C) and temperature ( Figure 7 -b constant time of 172 days) are plotted in Figure 7 . A clear gradient between the skin and the core of the sample was observed. The ratio between the skin and the core values increased as the severity of the ageing increased, i.e. higher temperatures and/or durations. The presence of gradients and their strong dependence on the ageing temperatures and durations implies that degradation is limited by water diffusion. This behavior is consistent with the general trend observed in well known Diffusion Limited Oxidation (DLO). Major degradation of a polychloroprene rubber was observed when used in sea water. Both natural and accelerated ageing led to a large increase of the polymer stiffness and decrease of ultimate tensile properties. Moreover, due to water diffusion limited degradation, hardness profiles across sample thickness were observed during ageing. This will be discussed next in the comparison between predicted behavior based on accelerated ageing results using a linear Arrhenius extrapolation and the actual measured properties on the 23 year old sample.
Discussion and lifetime prediction
Results presented in the previous section highlighted interesting features. Degradation consequences of silica filled polychloroprene in sea water can be M A N U S C R I P T
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summarized, from a mechanical point of view, as a large increase in the modulus of the material and an important decrease in ultimate tensile properties (stress and strain at break). These trends were observed in both accelerated and natural ageing. Therefore we will focus on the possibility of using a linear Arrhenius behavior in order to make a life time prediction to compare with the actual ageing observed after 23 years in service.
Validity of the Arrhenius prediction
Historically, the so-called Arrhenius approach has been extensively used to analyze short-term high temperature accelerated ageing exposures and then to extrapolate these results to make long-term predictions at lower temperature, typically at the service temperature. The activation energy is determined using the previously defined shift factors (Figure 8 ). The straight line used for this identification is then extrapolated in order to get the shift factors related to the service temperature, based on the assumption that E a remains constant over the extrapolated temperature range. Using the nominal strain at break 52 nominal stress at break 100 M 100 modulus 42 Table 4 : Activation energies for the 3 mechanical indicators.
obtained on the 23 year old sample. This observation is explained by the presence of a gradient in the sample thickness revealed by micro hardness measurements (this point will be discussed in the next section). Considering strain at break, Figure 9a clearly shows a good prediction using a linear Arrhenius relationship for this property. This behavior could be explained by the fact that elongation at break is governed by the weakest point in the sample [27], i.e. in this case the external surface of the sample which is directly in contact with water. This behavior has already been observed in the case of DLO [28] [29] . // However, it should be noted that the accuracy of the prediction depends largely on the temperature range used for accelerated ageing. In fact, in this case, because of the fast degradation kinetics, Arrhenius parameters were determined over a large temperature range (from 20 to 80°C) and close to the service temperature.
Life time prediction using linear Arrhenius behavior is not valid for both stress at break and modulus. This is due to, at least, one phenomenon : the observed degradation profile across sample thickness, which is discussed below.
Discussion of the degradation gradient in the field sample
The field aging behavior exemplified by the material changes shown in Figure 8 is intriguing for a number of reasons. First of all such observations are rare: therefore, this is an excellent example of substantial aging effects occuring over long-term low temperature conditions. Second, there is sufficient chemistry to result in an aging process associated with significant hardness. Lastly, this process is clearly limited in depth and consistent with a diffusion limited degradation profile where aging has taken place over 23 years without saturation in physical property or homogenous degradation M A N U S C R I P T across the thickness of this specimen. The question then arises as to how the underlying process resulting in this aging state should be discussed. As shown elsewhere [26] , for a number of reasons, namely oxidation is observed only in the first 200 microns and antioxidants remain present in the bulk even after 23 years, so oxidatively driven aging processes should be discounted for the degradation of this material. All evidence supports that hydrolytic degradation is involved in the aging of this filled neoprene material. Lacking any specific hydrolytic degradation rates and physical parameters like diffusion and permeation rates for this material, we can nevertheless discuss the features of the observed profile. It is quite possible that the profile may have developed as part of a diffusion limited profile that has shifted inwards with time resulting in the hardness plateau feature across the M A N U S C R I P T
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exterior half section of material. Similarly, it is also possible that the profile represents a slow aging behavior that occurred in an equilibrium condition over time. Lacking any more data, it is difficult to distinguish between these two aging processes, yet most importantly it is obvious that the feature of a diffusion limited degradation process is visible and hence a permeative ingress of a reagent must be in equilibrium with a consumption rate yielding the profile decay in the interior section. Can permeation be sufficiently slow or an aging rate sufficiently fast to yield this profile and at the same time result in a reasonable cumulative degradation state with time?
In terms of the physical description of diffusion limited degradation processes there is no difference between an oxidative or hydrolytically driven process, except rate constants, kinetic regimes and diffusivity/solubility will be different. Reagent molecules (oxygen or water) diffuse into the material and a chemical consumption rate then results in a reduction in local concentration with increasing depth. The key question is whether the observed profile could be obtained by a reasonable balance between permeation and reactive consumption in units of mols/g-cc. The possibility of an equilibrium aging condition that could yield this profile with moderate maximum conversion (edge aging level) was therefore probed with existing models normally used to describe oxidative degradation processes [30] [31] .
Empirical modeling showed that the observed shape of the field aging profile would be consistent with a single sided equilibrium oxidative process where a kinetic regime of zero order applies for the rate dependence on local reagent concentration. This behavior results in a steeper profile than is more commonly observed [30] [31] . Model predictions matched the observed profile for the following parameters: depth of 2.3mm, external O 2 partial pressure of 16 cmHg, material density of 1.3 g/cc, beta factor of 100 (equates to a kinetic regime of zero order for the governing reaction), consumption rate of 3.3 10 −12 mol/g-cc, and a permeability of 5 10 −11 ccSTP/cm-s-cmHg. Over 23 years the integrated edge oxidation for this model will be an aging state or conversion of 7.5% oxidation, which is a very reasonable level yet consistent with a substantial aging process ultimately leading to a considerable hardness evolution. In such a model the critical balance is given between permeability and consumption rate. As long as this ratio remains constant identical profiles will evolve, yet the edge conversion level will depend on the oxidation rate, and with much higher rates in these simulations unrealistic oxidation levels would apply.
A transition from an oxidative to a hydrolytically driven process is rea-M A N U S C R I P T
sonably straightforward. Diffusion limited degradation models balance permeability and consumption in terms of absolute numbers of local reagent molecules: hence, a water permeability and consumption rate of similar magnitude will result in the same underlying conversion profile. Of course how such a process translates local chemistry to hardness is a separate issue. On this note our basic model assessment considers a linear relationship between localized chemistry and hardness. Other relationships may exist, yet we do not believe that they may prevent a reasonable diffusion limited degradation model from fitting the observed profile. From a modeling perspective, all indications are that a diffusion limited hydrolytic degradation process when in an equilibrium state could certainly yield the observed field aging profile. Similarly, an aging process that yields a profile that slowly shifts inwards with time and results in some edge aging level saturation is certainly feasible. As long as a moderate water consumption rate is coupled with a low permeability constant, a suitable kinetic regime is dominant, and any water consumption chemistry will translate to hardening, the observed profile will evolve.
Conclusion
Based on test results for a naturally aged sample used for 23 years at sea a large ageing effect was observed when silica filled polychloroprene was immersed in sea water. After 23 years in service, modulus at 100% elongation increased by a factor of 4, while both stress and strain at break were reduced by 70%. Furthermore, degradation led to gradients across the sample thickness, similar to diffusion limited oxidation (DLO) phenomena when oxidation is involved. Because polymer ageing is a slow process it is necessary to perform accelerated ageing testing in the laboratory. Using natural renewed sea water tanks at different temperatures up to 80°C polychloroprene samples were aged for more than 1.5 years. Accelerated ageing led to the same mechanical changes in the polymer as natural ageing, such as an increase in the stiffness and a decrease in ultimate tensile properties. Here again, heterogeneities in degradation levels arose across the sample thickness, due to competition between reaction and diffusion. Extrapolation of polychloroprene behavior was performed by applying a linear Arrhenius extrapolation to predict mechanical behavior in service conditions and compare with results obtained for naturally aged samples in order M A N U S C R I P T
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to evaluate the applicability of such predictions. It appears that a linear Arrhenius extrapolation is not useful for modulus and stress at break because of the degradation profile across sample thickness, at least. Concerning strain at break, it seems that the good correlation with an Arrhenius extrapolation may be explained by the fact that elongation at break is governed by the weakest point in the sample, i.e. in this case the external surface of the sample which is directly in contact with water. 
